1. The effects of sympathetic and parasympathetic efferent nerve stimulation on the activity of longitudinal and circular coats of the anal sphincteric area have been studied on acute animals using extracellular electrical recordings. In addition, the effect of intramural sympathetic nerves stimulation has been investigated on ana I sphincteric circular muscle, with the sucrose gap technique.
the activity of longitudinal and circular coats of the anal sphincteric area have been studied on acute animals using extracellular electrical recordings. In addition, the effect of intramural sympathetic nerves stimulation has been investigated on ana I sphincteric circular muscle, with the sucrose gap technique.
2. Hypogastric nerve stimulation elicited in anal sphincteric circular muscle slow time course depolarization responses (latency 200-400 msec) which were abolished by alpha-adrenergic blockers (dihydroergotamine, phentolamine).
3. Stimulation of the parasympathetic outflow to the internal anal sphincter (second ventral sacral root: VS2) inhibited spontaneous electrical activity of the circular muscle. Pharmacological arguments lead to the conclusion that the inhibition induced by VS2 stimulation is mediated through intramural non-adrenergic non-cholinergic (purinergic) inhibitory neurones. 4. Rectal distension caused an inhibition of the anal sphincteric circular muscle activity which persisted in the presence of atropine, phentolamine and propranolol, indicating that this inhibition was produced by non-adrenergic non-cholinergic intramural neurones. 5. VS2 stimulation produced only an activation of the longitudinal muscle of the sphincteric area, which was abolished by hexamethonium and atropine; in contrast, hypogastric nerve stimulation gave rise to an inhibition which was blocked by propranolol. These results indicate that the longitudinal muscle receives (1) an excitatory innervation from preganglionic parasympathetic nerves connected with intramural cholinergic neurones, and (2) an inhibitory sympathetic innervation from noradrenergic axons running in the hypogastric nerves.
No inhibitory non-adrenergic non-cholinergic innervation was observed in the longitudinal muscle in response to VS2 stimulation.
6. The results obtained from simultaneous stimulation of VS2 and hypogastric nerves indicate that inthe anal sphincteric circular muscle the release of noradrenaline from sympathetic nerves is modulated by cholinergic receptors located on noradrenergic nerve endings, muscarinic receptors which can abolish the release of noradrenaline, and probably nicotinic receptors which increase the noradrenaline release. The eventual functional significance of the nicotinic receptors is discussed. 0022-3751/81/3000-0671 807.50 © 1981 The Physiological Society INTRODUCTION Several authors have confirmed the results of the pioneer work of Langley & Anderson (1895) concerning the extrinsic nervous control of the internal anal sphincter, especially that the electrical stimulation of the sympathetic nerves led to a contraction. However, the results concerning the parasympathetic control are still unclear (Garrett, Howard & Jones, 1974) .
In previous work (Bouvier & Gonella, 1981) we have shown that in the internal anal sphincter of the cat, the electromechanical coupling is achieved through slow time course variation in the membrane potential of the smooth muscle fibres. Thus it was established that electrical activity of the sphincteric muscle is a fairly good index of its motility. In the present work the nervous control of the sphincteric area has been performed using the electromyographic technique. The experiments were performed in vivo on acute animals and in vitro on smooth muscle strips with the sucrose gap technique. We have studied the effects of sympathetic and parasympathetic nerves stimulation and the interactions between both types of innervation.
METHODS

In vivo experiments
The experiments were performed on adult cats (forty-two animals) of either sex (2-4 kg) under acute conditions. The surgical phase of the preparations, which has been described with more details in a previous paper (Bouvier & Gonella, 1981) , was performed under halothane anaesthesia. The electromyogram recordings were performed under sodium thiopentone (Nesdonal, SPECIA, Paris) anaesthesia. The Nesdonal was given i.v. using a peristaltic pump; the concentration of the anaesthetic being 20 mg/kg. hr. Before stimulating the parasympathetic nerves, gallamine (Flaxedil) 3 mg/kg. hr was added to the anaesthetic solution in order to avoid any contraction of the striated external anal sphincter and of the muscles of the tail. Following a mid line laparotomy, the hypogastric nerves were isolated and ligated, close to the inferior mesenteric ganglion, in order to avoid any reflex. It has been verified in preliminary experiments that the ligation abolished the conduction along these nerves.
The peripheral end of the hypogastric nerve was set on stimulating electrodes which were included in a plexiglas gutter covered with a lid and occluded at its ends with silicone grease to avoid any short circuit due to penetration of the peritoneal liquid inside the electrodes. The abdominal wall was then sutured. Stimulating electrodes were connected to a stimulator. The sacral ventral roots containing the efferent fibres to the anal sphincter were dissected, after a laminectomy between the 6th lumbar and the 1st coccygean vertebras. After a longitudinal section of the dura, the spinal roots were divided at their issue from the spinal cord, and their peripheral end was set on stimulating electrodes identical to those described above.
The e.m.g. was recorded with extracellular pressure electrodes previously detailed by Gonella (1972) . Electrical recording was monopolar with AC amplifiers (time constant 2-5 sec). The active electrode was located on the anal sphincter area and the indifferent electrode on the hind limb. E.m.g. was recorded with an ink pen writer (bandpass 120 Hz without attenuation). An upward deflexion corresponded to a positive value of the focal electrode.
In vitro experiments.
A, on the isolated organ. The surgical phase and the organ bath have been extensively described (Bouvier & Gonella, 1981) . The hypogastric nerves were stimulated with a device used by Jule & Gonella (1972) which allowed stimulation of the nerves inside the organ bath without any diffusion of the stimulus to the sphincteric wall. B, on muscle trips with the sucrose gap technique. The sphincteric region was exposed as 458 described in the first section and removed together with the distal part of the rectum. Helical strips of 0 6-0-9 mm width and 40 mm length were used. Strips were mounted in a double sucrose gap apparatus similar to that described by Bulbring & Tomita (1969) . Silver-silver chloride recording electrodes were connected with the DC amplifier of a cathode ray oscilloscope by means of a cathode follower (Clottes, 1969) . Two platinum electrodes in contact with the strip enabled the intramural nerve fibres to be stimulated.
Atropine was obtained from Boyer & Co. (Paris), propranolol, acetylcholine, noradrenaline (L-Arterenol HCl) from Sigma Chemical (St Louis, Mo.), tetrodotoxin (TTX) from Sankyo (Tokyo), and phentolamine (Regitine) was kindly supplied by Ciba (Paris).
RESULTS
Innervation of the circular muscle A, stimullation of hypogastric nerves
Single shock stimuli or brief trains of pulses (2-4 pulses, 1 msec, 20 Hz) applied to hypogastric nerves evoked responses consisting of a slow depolarization of circular muscle, with latencies ranging from 200 to 400 msec. The responses were generally 10 sec 5mV Fig. 1 . Responses of the sphincteric circular smooth muscle to hypogastric nerve stimulation on acute preparation. Stimulation, indicated by a dot (single shock, 1 msec, 10 V), evokes a response followed by a period of activity of the sphincteric smooth muscle. Time constant of the amplifiers 2-5 sec. either biphasic or monophasic ( Fig. 1) , quite unfrequently triphasic. They were abolished by injection (i.v.) of guanethidine (1 mg/kg) or adrenergic alpha blockers such as ergotamine (1 mg/kg) and phentolamine (1.5 mg/kg) (Fig. 2 ). The responses to hypogastric nerve stimulation were not affected by hexamethonium (1 mg/kg, i.v.). The nerve fibres located within the sphincter smooth muscle were stimulated in circular muscle strips during experiments performed with the sucrose gap technique. Pulses of 0 5 msec in duration were used to enable selective stimulation of intramural nerve fibres. In these conditions, the response consisted in a depolarization ( Fig. 3) , which was nerve-mediated since it was abolished by TTX (3 x 10-6 M) and by phentolamine (3 x 10-7 M).
In vivo as well as in vitro (sucrose gap technique), single stimuli, when delivered in the absence of spontaneous activity, often initiated a period of activity similar to spontaneous activity (see Fig. 1 ) and lasting from 5 sec up to 10 min. Moreover, nerve stimulation could have a synchronizing effect on any pre-existing activity (Fig. 4 ). Effect of phentolamine (1-5 mg/kg) on sphincteric circular muscle response evoked by hypogastric nerves stimulation on acute preparation. 1: control. 2, 3 and 4: recordings respectively 2-5, 4 and 9 min after phentolamine (1.5 mg/kg, i.v.). Voltage calibration: 1 mV in 1, 2 and 3; 0 5 mV in 4. In this experiment, the responses to nerve stimulation indicated by dots (3 shocks; 20 Hz; 1 msec; 10 V) were not followed by a period of activity of smooth muscle fibres. Time constant of the amplifiers: 2-5 sec. However the synchronization was more marked in vivo than in vitro presumably because the hypogastric nerve stimulation in contrast to transmural stimulation, activated a greater number of nerve fibres liberating thereby a larger amount of neurotransmitter.
We did not observe any inhibitory effect after stimulation of hypogastric nerves in the presence of phentolamine with doses blocking the excitatory response. This is in contrast with the results of Garrett et al. (1974) , who described an inhibitory beta effect by recording sphincter motility with an intraluminal balloon. B, stimulation of sacral ventral roots (a) Preparations with intact hypogastric nerves. The peripheral end of the 1st, 2nd and 3rd sacral ventral roots (VS1, VS2, VS3) in which the efferent pelvic nerve fibres run, were stimulated with single shock or brief trains (2-3 pulses, 1 msec, 10 Hz, 10 V). This stimulation did never produce any effect on circular muscle during periods of electrical silence. However, stimulation of VS2 with trains (1-2 sec duration) induced a decrease in amplitude and frequency of spontaneous electrical activity. With trains of longer duration (from 2 to 10 sec), the electrical activity was abolished (Fig. 5B ). This inhibition, which persisted several seconds after the cessation of the stimuli, was not affected by atropine (0.3 mg/kg, I.V.) and alpha or beta 461 M. BOUVIER AND J. GONELLA adrenergic blockers (phentolamine and propranolol 1 mg/kg, i.v.). In contrast it was suppressed by hexamethonium (1 mg/kg, i.v.). These observations suggest that the suppression of muscle activity may be attributed to the stimulation of preganglionic parasympathetic nerve fibres connected with the non-adrenergic non-cholinergic inhibitory intramural neurones, the so-called purinergic neurones.
(b) Preparations with degenerated hypogastric nerves. Three animals had a section of the two hypogastric nerves. After a delay of 30 days to allow Wallerian degeneration of nerves, the stimulation of the peripheral end of VS2 was performed in acute conditions. VS2 stimulation produced only an inhibition of the non-adrenergic, non-cholinergic (purinergic) type. Moreover, it was more marked than that observed on normal animals, i.e. long-lasting inhibition was obtained with short trains stimulations (Fig. 6 ). 2. Interactions between sympathetic and parasympathetic nerves in the internal anal sphincter A, simultaneous stimulation of the second ventral sacral roots and hypogastric nerves In all the experiments, the responses elicited by single stimuli applied to the hypogastric nerves were decreased in amplitude or completely abolished by prior repetitive stimulation of the peripheral end of VS2 (Fig. 7A ). The degree of inhibition observed was dependent on the respective intensity of hypogastric and VS2 stimulation, this inhibitory effect was strongly decreased in the presence of atropine (0-1 mg/kg, I.v.; Fig. 7B ) and abolished by hexamethonium (1 mg/kg, i.v.).
B, action of acetylcholine on the sympathetic excitatory effect
The amplitude of responses obtained by stimulation of intramural noradrenergic nerves (sucrose gap technique) was decreased by acetylcholine (5 x 10-7 M).
C, action of atropine on the response to second sacral ventral root stimulation
It was previously reported that single shock or iterative stimulation of the peripheral end of VS2 has no effect on circular sphincteric muscle during periods of (Fig. 8A ). In two of these animals (n = 4), the stimulation of VS2, in the presence of atropine (0.3 mg/kg) had an excitatory effect (Fig. 8B ). Such an excitation was blocked by phentolamine (1.5 mg/kg) (Fig. 8C) . The excitatory effect of VS2 stimulation under atropine was never observed on animals with degenerated hypogastric nerves.
D, effects of distension of the rectum
When the rectum was distended with an intraluminal balloon (5-10 ml. air), two types of inhibitory effects were observed on sphincteric muscle activity: (1) a decrease A 10o5mV 10 sec B Fig. 9 . Effect of rectum distension on the sphincteric circular muscle activity produced by hypogastric nerves stimulation on acute preparation. A and B, continuous recordings.
In each pair of recordings the top tracing is the e.m.g. of the rectococcygean muscle which exhibits a tonic activity during defaecation, the bottom recording is the e.m.g. of the sphincteric circular muscle. Dots indicate the hypogastric nerves stimulation (single shock: 1 msec; 15 V). The black bar corresponds to the intraluminal balloon inflation. During the rectal distension, the electrical activity of the circular muscle (either the spontaneous activity or responses to the hypogastric nerve stimulation) is markedly reduced. Moreover, this inhibition persists during a relatively long time after the end of the distension. This long lasting inhibition presents fairly common features with that obtained by VS2 stimulation in Fig. 8 . Time constant of the amplifiers 2-5 sec. or a suppression of the spontaneous activity; (2) an inhibition of the responses eventually elicited by hypogastric nerve stimulation (Fig. 9 ). Both inhibitory effects disappeared after injection of hexamethonium (1 mg/kg, i.v.). The inhibition of sympathetic responses by rectal distension was no longer observed after a bilateral section of either ventral or dorsal sacral spinal roots (1st, 2nd and 3rd roots), whereas distension was still effective in producing an inhibition of smooth muscle spontaneous activity.
Innervation of the longitudinal muscle of the sphincter area A, stimulation of hypogastric nerves
The repetitive stimulation of peripheral end of the hypogastric nerves in vitro (isolated organ) or in vivo led to a disappearance of the spontaneous spike potentials INTERVAL ANAL SPHINCTER NERVE CONTROL (Fig. 10 ). After the stimulus was stopped, the spontaneous activity sometimes reappeared with a post-inhibitory rebound. This rebound consisted of an afterstimulus spike potentials discharge with an increased frequency as compared to the control. This inhibitory effect was blocked by propranolol (0-2 mg/kg. i.v.). In our experimental conditions no effect has been observed with a single shock stimulus. 
B, stimulation of sacral ventral roots
Stimulation of the peripheral end of VS2 induced an increase in spike potentials frequency. The excitatory effect persisted 20-60 see after the stimulus stopped (Fig. 5A ). No inhibitory effect has been observed after atropine administration (0.3 mg/kg, i.v.). When electrical activity was recorded simultaneously from longitudinal and circular muscles, it was clear that the effects of VS2 stimulation were opposite on both muscle coats, i.e. the longitudinal muscle contracted while the circular muscle was relaxed (Fig. 5 ).
DISCUSSION
Concerning the sympathetic innervation of the circular layer of the internal anal sphincter, the present results are in agreement with the data of the literature (Langley & Anderson, 1895; Garrett et al. 1974) , i.e. sympathetic nerves are excitatory. The noradrenaline released by sympathetic nerve endings activates alpha adrenergic receptors located on the membranes of the smooth cells within the circular muscle layer. The persistence of the sympathetic activation after hexamethonium administration indicates that all the efferent axons arising from the inferior mesenteric ganglion and running in the hypogastric nerves to the internal anal sphincter are postganglionic. In addition, the fact that we could obtain responses with single shocks is an indication of a strong nervous control of sympathetic nerves on circular smooth muscle. This observation fits in well with the histological data of Costa & Gabella (1971) and Howard & Garrett (1973) , showing an intense green fluorescence in the cat circular sphincteric muscle coat.
The only direct effect of parasympathetic nerve stimulation on sphincteric circular smooth muscle is inhibitory. However the absence of i.j.p.s similar to those observed on the rabbit and guinea-pig colon (Furness, 1969; Gonella & Gardette, 1974) , the 465 M. BO U VIER AND J. GONELLA cat oesophagus and lower oesophageal sphincter (Gonella, Niel & Roman, 1977) and finally the guinea-pig anal sphincter (Costa & Furness, 1973) indicates that the density of non-adrenergic non-cholinergic inhibitory innervation may be weaker in the cat anal sphincter circular layer than in the above mentioned organs. The absence of any excitatory effect in response to sacral ventral root stimulation in the internal anal sphincter circular muscle is in contrast to the sphincter contractions described by Garrett et al. (1974) . One explanation of this discrepancy might be that this parasympathetic excitatory response probably corresponds to the contraction of the longitudinal muscle of the sphincter area which is activated by the parasympathetic nerves stimulation. In a similar way, the relaxation of circular sphincteric muscle described by Garrett et al. (1974) in response to hypogastric nerve stimulation, in the presence of an alpha blocker may also be interpreted as the consequential mechanical effect of longitudinal muscle relaxation localized in the sphincteric area.
The absence of any direct parasympathetic effect on circular sphincteric smooth muscle raises the question of the functional significance of the abundant cholinergic innervation observed in the internal anal sphincter (Howard & Garrett, 1973) . Two types of results must be taken into account: first, the cancellation in vivo of the sympathetic response by stimulation of the parasympathetic outflow, and the suppression of this effect by atropine; and secondly, the decrease in vitro of responses evoked by intramural noradrenergic nerves stimulation, in the presence of acetylcholine. Both results indicate that acetylcholine has an inhibitory effect on the release of noradrenaline through muscarinic receptors. As the noradrenergic neural elements inside sphincteric smooth muscle consist only in nerve endings (Howard & Garrett, 1973) , therefore the action of acetylcholine (nerve-released or exogenous) takes place on cholinergic receptors located on these nerve endings, i.e. presynaptic receptors. Such an action of acetylcholine on presynaptic muscarinic receptors is in keeping with several reports in the literature showing an inhibitory effect of exogenous acetylcholine on noradrenaline release: for instance in the guinea-pig vas deferens (StjArne, 1975) , in the retractor penis muscle of the dog (Klinge & Sjdstrand, 1977) , in the heart (Lindmar, Lbffelholz & Muscholl, 1968; Muscholl, Ritzel & R6ssler, 1975) and in vascular muscle (Holman & MacLean, 1967; Van Houtte & Verbeuren, 1975) .
After sacral spinal roots section, the inhibition of sympathetic response following rectal distension disappears, while the suppression of spontaneous activity persists. This suggests that two reflex nerve pathways may be responsible for sphincter inhibition: first, an intramural reflex which blocks the spontaneous muscle activity; secondly, an extramural reflex via the spinal cord which is responsible for the inhibition of sympathetic nerve activity. The relative functional importance of these two reflex mechanisms has to be studied more in detail. However, our results are in keeping with findings obtained on man, with manometric techniques, by Meunier & Mollard (1977) .
The excitatory effect observed in vivo on atropinized animals by VS2 stimulation is mediated through an alpha noradrenergic mechanism. Noradrenaline released during VS2 stimulation could be due to an action of acetylcholine on nicotinic presynaptic receptors located on sympathetic nerve endings. Consequently the excitation of these nicotinic presynaptic receptors could result in an increased release of nor- M. BOU VIE] AND J. GONELLA adrenaline. Such nicotinic receptors have been described in other tissues (see the reviews of Bacq, 1976 and Westfall, 1977) . However, it should be stressed that in our experimental conditions, the muscarinic inhibitory effect was largely predominant.
Therefore the excitatory effect through presynaptic nicotinic receptors has to be confirmed.
Nervous pathways involved in the modulation of noradrenaline release by cholinergic neurones is summarized in Fig. 11 . The cell bodies of the intramural cholinergic neurones are presumably located in the rectum, since it has been established that no cell body is present at the level of the sphincter (Howard & Garrett, 1973; Gabella, 1976) . These neurones receive inputs from both preganglionic extrinsic pelvic neurones and from intramural neurones presumably located in the rectum.
The longitudinal muscle extrinsic innervation is similar to that of most parts of the alimentary canal, i.e. the parasympathetic one is excitatory whereas the sympathetic one is inhibitiory. In the anal sphincter region both muscle coats have reciprocal functions with respect to their extrinsic innervation. One can assume that during defaecation the longitudinal muscle participates to the opening of the sphincter by pulling on the skin, meanwhile the circular muscle relaxes. A similar hypothesis has been proposed for human anal sphincter by Shafik (1976) on the basis of anatomical observations. From the functional standpoint it must be outlined that during defaecation the parasympathetic system, which activates the distal colon and the rectum, blocks the motor response of the sphincter during the same period, thereby giving the priority to evacuation. The comparison of these results obtained on the anal sphincter with those obtained on the lower oesophageal sphincter (Gonella, Niel & Roman, 1977 , 1979 indicates that the extrinsic nervous control in the two organs is quite different. In the lower oesophageal sphincter both muscle layers have a dual parasympathetic control (respectively excitatory through intramural cholinergic neurones and inhibitory through intramural non-cholinergic non-adrenergic, purinergic, neurones). In the anal sphincter, the longitudinal muscle appears to have only an excitatory parasympathetic control, the inhibitory one being absent. The circular muscle has only an inhibitory parasympathetic control through nonadrenergic non-cholinergic (purinergic) intramural neurones. The cholinergic pathway to the circular muscle is connected presynaptically with the excitatory noradrenergic pathway. The sympathetic system is excitatory for the circular muscle of both sphincters. However, the mechanisms brought into play are quite different: in the anal sphincter the noradrenaline released by sympathetic nerve endings excites directly the smooth muscle, whereas in the lower oesophageal sphincter the noradrenergic excitation is achieved through a cholinergic mechanism (Gonella et al. 1979) .
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